Abstract
The incorporation of silver nanoparticles (Ag-NPs) in fabrics, as anti-bacterial and fungal agent, has become a flourishing technology. On the other hand, little is known about the consequences of the nano-Ag release from these nanomaterials into the environment. The amount and the form of silver leached from textiles are the fundamental information needed for predicting the environmental risk posed by the spread of these nano-Ag products. This paper investigates the silver (Ag) released from various nano-Ag-fabrics and commercial textiles during washing. In a first step, the dissolution of Ag-NPs at pH 7 and 10 and the release of the silver cation (Ag + ) was studied over time. The influence of oxidizing compounds such hydrogen peroxide and peracetic acid (PAA), as well as bleaching agents (perborate) and bleach activators (TAED, tetraacetylethylenediamine) on nanoparticle dissolution was examined. In a second step fabrics with different Ag and nano-Ag incorporation were immersed in a pH 10 solution for ~ 4 hours and the total and dissolved Ag released was quantified. In the third step the textile samples were washed in the washing machine applying standardized conditions.
PAA and the combination of Perborate/TAED (at 40 °C ) dissolved the Ag-NPs very rapidly at pH 10: the Ag + concentration increased by a factor of ~ 1500 and ~ 720 respectively over 1 hour.
This huge dissolution was not observed in the experiments with textiles, revealing the scavenging action of the reactive species by the fiber itself and the inhibited access of the oxidants to the silver. Ag-NPs with smaller size and consequently larger surface, were oxidized to a greater extent by the oxidant (hydrogen peroxide) at pH 10 than larger particles.
Almost all the textiles leached 0-15% of their total Ag content after 150 minutes under gentle stirring conditions at pH 10. Only one sample displayed a larger release of up to 27% of the textile Ag content. For two out of the nine fabric samples Ag + was the prevalent (>80%) form in solution. In the other textiles, except one, Ag in the coarse-grained fraction (particles larger than 0.45 µm) varied from ~29 to 100% of the total Ag released.
In the washing machine trials the silver released in the >0.45 µm fraction represents at least 50% (generally > 80 %) of the total silver released in the washing liquor. The mechanical stress applied in the washing machine cycle thus played a relevant role. Generally the percentage of the total silver content emitted from the textiles varied consistently among products (from less than 1% to 45 %). For four out of six fabrics tested, the addition of the bleach increased the total silver leached in the detergent liquor, although the silver containing size-classes did not seem to change considerably. Dissolved silver was measured in four out of eight fabrics tested. All the textile samples in the washing machine seem to release silver at lower rate in the second wash.
The conventional Ag-textile (X-Static fabric) did not show big differences in the behavior compared to the nano-textiles during washing in the washing machine.
A decrease of the free Ag + concentration was observed at pH 10 after the addition of H 2 O 2 (in absence of Ag-NPs).
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1-Introduction
Nanotechnology has rapidly thrived in the last years. The use of silver nanoparticles (Ag-NPs) in commercial products is proliferating essentially for the anti-bacterial, fungicidal properties of silver. According to the Woodrow Wilson Institute more than 230 declared products containing Ag-NP are currently on sale [1] . Among these: cosmetics, sprays, cloths, textile, food preparation equipment, food storage containers, medical devices, dressing for wounds and paints. Some market analysts predicts a growth to up to 110-230 tons of silver per year in the European Union by 2010 [2] . This surge of nanomaterials output that can release silver in both ionic and particulate form has drawn attention on the possible health risk for the environment [2] [1]. Although studies displayed the inhibition of growth in numerous microorganisms by AgNPs, the mechanism of toxicity has not been elucidated clearly [3] [4] [5] [6] .
The Ag + ion is well-known since a long time to be highly detrimental for aquatic organisms and bacteria [7] . Navarro et al. showed its toxicity toward the photosynthesis of Chlamydomonas reinhardtii algae with an EC50(1h) of 188±61 nM [8] . As shown in the study, the release of Ag + from the Ag-NPs could imply a direct interaction between the nanoparticles and the microorganism [8] [9] . Although Ag + occurs in low concentration in the environment, little is known about the toxicity of organic and inorganic silver sulphide compounds which are the most environmental considerable species [2] . The United States Environmental Protection fixed the water quality criteria values of silver ionic concentration in salt and fresh water at 1.9 and 3.4
ppb, respectively. The positively charged ionic form of silver has a high affinity for negatively charged side groups on biological molecules such as proteins and nucleic acids. The bond of Ag + to the bacterial cell surface components alters the molecular structure interrupting respiration and adenosine triphosphate (ATP) synthesis [10] . The simultaneous attacks of various sites within cell disrupt critical physiological functions of the bacteria such as membrane transport, protein folding and function, electron transport, DNA transcription and cell-wall synthesis [11] .
The widespread diffusion of Ag-nanoproducts could be explained by the possibility of placing the Ag-NP onto or into products where it was not doable before (e.g. the lining of medical devices). In such locations the Ag + can be delivered and exert the disinfection function [12] .
Another plus is the size of particles in the nano-scale which enables to release Ag + faster compared to larger nanoparticles with less specific surface area [13] .
Recently the incorporation of Ag-NP in textiles (e.g. in socks, slippers, shoe liners, outwear and sportswear, bedding materials) got a common practice. In these products, the oxidation of nanoparticles (Ag°) in contact with water causes a long term release of Ag + ions that is exploited for bactericidal, anti-odor purposes [10] . Given the diffusion and the frequent household washes Page7 of these materials, it is conceivable to expect an increase of the Ag concentration in wastewaters. Blaser et al claim that the majority of Ag will be retained into sewage sludge of waste water treatment plant (WWTP) [2, 7] . Nonetheless this amount is also re-introduced into the environment via agricultural land applications. Benn et al. state that for an influent silver concentration of 180 µg/L (5 µg /L is the common municipal WWTP silver conc.), the Ag concentration in the biosolid would be above the maximum contamination levels (MCLs) set by USEPA [14] . Therefore an increase in the use of silver containing products would impede the exportation of the sewage sludge (employed as fertilizer) from waste water treatment plants (WWTPs) to agricultural lands [14] . Indeed, if the load of Ag in the incoming wastewater will step up, it is likely that more Ag will also by-pass the wastewater treatment. Furthermore the Ag-NP removal efficiency in WWTPs has not been studied yet [14] .
Blaser et al. predicted that in 2010 up to 15% of the total silver released into water in European Union will come from biocidal plastics and textile [2] . Unfortunately, precise estimations of emissions from nano-materials are hampered by the lack or frequent inconsistent available information about the content and the form of Ag in the products. Lately Mueller and Nowack modeled the amounts of engineered Ag nanoparticles released into environment from a lifecycle perspective. In the realistic scenario, they predicted an environmental concentration of AgNPs in water equal to 0.03 µg L -1
. Besides they affirmed that the production volume of AgNPs would need to increase 100 times in order to have a risk quotient (PEC/PNEC, predicted environmental concentration/predicted no effect concentration) around 1. However the analysis did not include the hazard posed by the ionic silver. Thus they concluded that the release of silver in the ionic form from AgNPs is of a greater importance compared to the release of AgNPs itself [15] . Recently Benn et al. [14] quantified the leaching of Ag-NP from six brands of socks into distilled water and studied the adsorption of Ag (nanoparticle or ionic) on wastewater biomass. In that study, the cloths were immersed in ultrapure or tap water under shaking condition for 1 hour or alternatively 24 hours. At least three consecutive washes were conducted and the Ag was size fractionated. Moreover the presence and size of Ag-NPs in the socks was checked through SEM analysis. The wash solutions were also characterized by ion selective electrode measurements for ionic Ag and by TEM/EDX analysis for colloidal form of silver. Nonetheless the influence of detergents and the mechanical stress during washing on silver released was not covered by that research. In addition, the use of bleaching agents and the effect of the higher basicity (generally pH around 10 or more) of the washing liquor, compared to distilled or tap water, were not considered. These factors are decisive in representing the "real" washing conditions.
So far there are no studies about the Ag-release from textile during the washing machine run.
An important parameter for modeling and predicting more precisely the Ag concentration in the environment is the quantification and characterization of Ag leached from Nano-Ag-products.
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This thesis investigated the behavior of various silver containing fabrics during washing. The quantity and the form of Ag (particulate or ionic) released into the washing solution was determined in two kind of experiments. In the first one the textile samples were immersed in a pH 10 solution for ~ 4 hours, in the second one they were washed in the washing machine for 30 minutes, at 40 °C, applying mechanical stress. F urthermore the influence of pH, surfactants, oxidizing agents (present during washing), and nanoparticle-size on Ag-NP dissolution was evaluated.
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2-Materials and Methods
Chemicals
The 
Materials Textiles
Ten different Ag-textiles were included in this work but one commercial sample was found not to contain any Ag and was thus not further studied. Three of the fabrics used were commercially available anti-bacterial socks (Agkilbact™, X-STATIC, AgACTIVE™), 6 were fabrics obtained directly from two companies and one was a sample from an ongoing research project at EMPA. , 9.27 mM, based on silver mass, 1% as Ag + ) and kept in the dark.
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The aggregate size of the silver nanoparticles was determined by an LM Nanosight instrument. 
Dissolution of silver nanoparticles (Ag-NP)
All measurements were carried out at room temperature in glass vessels protected from light in order to avoid photo-reduction of silver. The suspensions were always subjected to mild (100-150 rpm) stirring condition. Absorption of Ag on the glass walls was tested preparing a AgNO 3 standard solution of 9.28 ·10 -7 M and checking the change of the mV signal over time. After 50 minutes a decrease of <1 mV (<5.55·10 -8 M; <5.9%) was observed.
In all the experiments NaNO 3 was used to set the ionic strength (0.03) and Na 2 CO 3 (pH 10) or MOPS (pH 7.1) buffers were added to stabilize the pH. The Ag-NPs were always added to the solution as powder (except the NP-suspension which were injected as suspension) and the dispersion was ultrasonicated with an ultrasonication probe (BANDELIN Sonopuls
Homogenisatoren HD 2070 -MS 7, 3 mm -70 W) for 5 minutes at maximum power.
The dissolution of the Ag-NPs was followed over time recording periodically the potential measured by the ISE/pH voltmeter. The pH was also checked at the beginning and at the end of the experiments. SDS (0.1 g/l) and LAS (ca. 0.1 g/l) surfactants as well as oxidizing agents (H 2 O 2 , PAA) were added to the solution in order to investigate their influence upon Ag-NP dissolution. The bleaching agent perborate and the bleach activator TAED were also applied to the system. 
Release of silver (Ag) from textiles: influence of oxidizing agents and pH
The release of silver from the textiles was studied under controlled conditions at pH 10 with SDS as surfactant (0.1g/l). The samples were subjected to gentle agitation (stirring rate 100-150 rpm) and protected from light. The amount of fabric placed into solution (50 ml) ranged from 4.9 to 36.2 g textile/L. This large interval was due to the fact that some specimens had very low silver content and consistently more material was needed in order to detect silver in solution.
The total silver introduced into the system varied from 1·10 -6 to 1·10 -3 M. Similarly to the Ag-NP dissolution experiments the ISE signal was recorded over time. In addition aliquots of the solution were taken for ICP-OES measurement with (PP+PE) plastic syringe at different times.
The silver in the solution was size-separated using cellulose nitrate membrane filter (0.45 µm pore diameter, Sartorius Stedim Biotech Gmbh).
For two sock brands, free Ag + -evolution was also investigated for 1 hour in pH 7 solution after transfer from pH 10 solution. In this case H 2 O 2 was used instead of PAA. This procedure was repeated for three consecutive days using the same textile piece.
Wash of textile samples in the washing machine
The washing procedure was conducted following the method provided in the norm ISO 105-C06:1997. For this experiment a Washtec-P Roaches washing machine was used (motor speed 40 ± 2 rpm, steel vessels (75 ± 5 mm diameter, 125 ±10 mm height, capacity of 550± 50 ml ))
Since the steel containers leached significant amounts of Ag, a modification of the system was needed. Polyethylene -HD -bottles were therefore embedded in the steel beakers and completely surrounded by water for assuring heat transfer.
The detergent/container volume ratio (0.279) was kept the same as in the steel vessel (overall 81 ml of ECE-detergent were used). The detergent was prepared dispersing ECE powder in distilled water (4 g ECE per litre). The textile samples were placed inside the HD-bottles and cut when required to fit in there. The quantity of material utilized ranged from 4.7 to 27.4 g textile/L.
The total silver introduced into the system varied from 1.9·10 -6 to 1·10 -3 M. In a cycle the Page15 samples were washed for 30 minutes at 40 °C and sub jected to mechanical stress by 10 steel balls previously cleaned in HNO 3 (65%).
After the specified contact time the fabrics were removed and rinsed with nanopure water for 1-2 seconds before wiping with soft tissues and letting them dry for the next washing. From the detergent liquor a 15 ml aliquot was filtered with a cellulose nitrate membrane (0.45 µm -Whatman) and part of it further centrifuged (10 minutes, F= 5000 g) through Amicon Ultra centrifugal filter (MW cut-off 30 kDa -purchased from Millipore).The rest in the HD-bottle was mixed by an ultrasonic probe for 2 minutes and three replicates of 10 ml were taken and evaporated at 85 °C in the oven overnight. Followin g up the addition of 1 ml HNO 3 (69%) and the heating at 85 °C for 15-30 min, these samples ( total Ag release analysis) were filtered (cellulose nitrate membrane 0.45 µm; Sartorius Stedim Biotech Gmbh) and diluted for ICP-OES measurements. Few microlitres of HNO 3 (69%) were added when necessary for storage and to lower the pH in the ICP-OES calibration range.
In appendix E-H the number of cycles performed are summarized. In one cycle perborate powder (1g/l) and TAED solution (0.15 g/l) were added to the detergent immediately before the washing machine treatment. These compounds acted as bleaching agent and bleach activator respectively. In both the beaker and washing machine experiment the initial concentration of Ag in solution was maintained on a comparable range.
Before the wash with the textile samples a set of preliminary tests were performed to asses the possible losses or contaminations of silver during the experiment. First of all the washing machine was run in the same condition as in the textile trial with only the detergent or the detergent plus the cleaned steel balls in the HD bottles. Then two aliquots of 10 ml were taken before and after ultrasonication (for 2 minutes) and filtered with cellulose nitrate membrane (size-pore 0.45 µm). In both cases the ICP-OES silver signal was under detection limit.
To account for the possible absorption on the steel balls or on HD-bottle walls, a similar test was executed spiking a known amount of silver solution into the detergent water and measuring the concentration before and after a cycle. Around 15 % of Ag was lost at the end. In order to reckon the loss in filtering the samples a AgNO 3 standard solution was prepared and filtered through cellulose nitrate and AMICON membrane. An overall absorption of around 2-8% and 12-16% was evaluated, respectively.
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3-Results
Ag-NP dissolution
The dissolution of two types of Ag-NP (NP-powder and NP-suspension) in the presence or absence of surfactants (SDS and LAS) was investigated ( Figure 4 ). The evolution of the silver concentration was followed for ~3 hours. The experiment can be divided in two phases i) in the first phase the Ag-NPs were dispersed into the pH 7 solution and the ISE potential was Comparing figure 4 and 5, the dissolution rate for both the NP-powder and NP-suspension was higher at pH 7.1 (curve 1 and 4) than at pH 10 (curve C and D). The same behavior was found in absence of the SDS (curve 2 and 3- fig-4 and curve C and D- fig 5) . X-static and NP-PES SURFACE displayed a constant release of dissolved silver into solution over time. After the 2 nd addition of PAA, the X-static rate of silver release boosted. Nonetheless, only 0.8% of the silver textile content was leached at the end of the experiment for this sample.
On the contrary, 83% of the silver contained in NP-PES SURFACE was found in solution at the end of the experiment. For all the other samples, not shown in figure 8 , the silver concentration was found below the ISE calibration range. 
% of total Ag released in solution
% total silver released after 100 minutes % total silver released after 150 minutes
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From the analysis of figure 10 and 11, the ionic silver resulted to be the prevalent form in solution for the samples X-static (only after the PAA addition), Agkilbact™ and NP-PES surface.
For AGCL, AGCL BINDER, NP-PES/PA, NP-PES and X-SYSTEMS, the silver in the coarsegrained fraction accounted for ~40-100% of the total silver released. The 2 nd addition of PAA provoked the disappearance of half of this fraction for X-static.
Several of the fractions shown in figure 10 and 11 gave total Ag results below the detection limit of the ISE or ICP-OES measurement. The concentration at the detection limit was converted for each fabric into the maximum silver fraction that could have been leached. This is especially important for the fabrics with very low Ag content. It is thus essential to realize that the fraction named "particles <450 nm "in figure 10 , 11, 14, 15, 16 includes Ag-NPs and small fiber particles containing silver or Ag-NPs. Moreover in figure 10 and 11, for the samples AGCL, AGCL BINDER and NP-PES/PA, this fraction could represent Ag-NP, dissolved Ag, small silver containing fibers or all these forms. The ISE did not measure a Ag + release less than 0.7-4.3%
of the total Ag-content in these textiles which could account for all the filtered fraction (particles <450 nm) in figure 10 and 11. In fact the total Ag leached in solution and the filtered samples (passing 0.45 µm size pore) were quantified with ICP-OES, which has a lower detection limit.
Nonetheless it can not be measured circa 34% and 36% of the total Ag released from the sample NP-PES in figure 10 and 11 respectively. The silver in these fractions could be in whatever form. The same reasoning has to be done for X-SYSTEMS where the percentage results to be 36% in figure 11 and 100% in figure 10 . 
Release of Ag into solution after repeated washes and pH changes (pH 10-pH 7)
Figure 12 and 13 show the rate of Ag release into solution over time for two textiles. The blue arrow indicates the point-time of the transfer of the textile from the pH 10 to the pH 7 solution.
The three repeated washes in these two solutions for three consecutive days aimed to approach the condition in the normal washing machine cycles. In the cycle carried out with the addition of perborate and TAED the total Ag found was 1.23·10 -7 to 8.3·10 -6 M (1 µg-73 µg of silver). 
of total Ag released in washing liquid
% total s i l ver rel ea s ed-1s t cycl e % total s i l ver rel ea s ed-2nd cycl e % total s i l ver rel ea s ed -Bl ea ch cycl e
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of the Ag-fraction in figure 15,16 and 17 respectively, could account for whatever form of silver.
In figure captions are added more information about the analysis uncertainties. 2) Ag (0) + O 2 → ≡Ag + in water or air
Since the beginning of the last century sodium perborate (SPB) has been employed as a bleaching compound in laundry detergent. SPB degrades in aqueous solution and produces hydrogen peroxide which is the oxidant agent. At present the perhydroxyl anion in 4a) is the accepted reactive specie responsible for the bleaching process via the ionic mechanism by nucleophilic attack on electrophilic centers [21] .
he overall irreversible decomposition of hydrogen peroxide, strongly catalyzed by transition metal ions especially under alkaline conditions is the following: An explanation for the precipitation is that at high pH hydrogen peroxide reduces Ag + to form metallic silver which precipitates and initiates the hydrogen peroxide catalytic decomposition [25] . However it is further claimed that the precipitation to occur needs the initial presence of metallic silver and that argentic hydroxide (Ag(OH) 2 could be another possible candidate as precipitate because of its low solubility. However, as alternatively mechanism an oxidationreduction cycle between metal and the argentic state is not excluded [25] .
Over the years bleaching activators able to activate SPB at low temperature (30-60 °C) have been developed. Today one of the most used bleaching activator is tetraacetyl ethylene diamine (TAED). The reaction of TAED with the hydrogen peroxide anion in basic media forms peroxyacetic acid which is a more active bleaching agent than hydrogen peroxide [18, 20] .
9) TAED+ 2HOO -→ 2PAA + DAED [26, 27] Increasing the alkalinity of the medium, the rate of PAA formation increase too [20] . The PAA formed by 9) is not stable under the condition of its formation and it is decomposed to oxygen and acetic acid (base-catalized reaction).
So far it is not known whether peracetic acid , peracetate anion, or both acid and anion together are the active bleaching species [21] . Hofmann claims that the real bleaching agent would be the singlet oxygen formed from the peroxy acid decomposition (reaction 10).
(OH-)
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The 1 Oppositely NP-PES SURFACE and AGCL lost about 34% of their silver content after only one washing machine cycle. If the rate of Ag release from X-static would remain the same for all the life of the product, this fabric could be problematic from a disposal point of view because of the large amount of Ag still present in the fiber. All the textile samples tested in the washing machine seem to release silver at a lower rate in the second wash. In general the conventional Ag-textile X-Static did not show big differences in the behavior with respect to the Ag-NP textile tested during washing in the washing machine (except the PLASMA-NP sample which released half amount of the total Ag in the dissolved form). The addition of the bleaching agent and the bleach activator in one cycle did not seem to change significantly the relative percentage of the Ag-size classes. Since PAA and the combination of perborate/TAED dissolved very rapidly the Ag-NPs, it is reasonable to say that the access to them in the textile tested is hindered and that the reactive species produced are also scavenged by the textile fiber itself.
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The Ag + diffusion out of textile polymer of NP-PES seemed to be prevented or alternatively the The rate of Ag release for the X-static textile is enhanced once placed into pH 7 solution after exposure at pH 10. The Agkilbact™ presents the same behavior as X-Static in the 2 nd and 3 rd wash ( figure 12 ). From these results, the water at pH 7 seems to be more aggressive in stripping silver from the two brand socks sampled. As a final information, 
5-Conclusion
In this thesis various fabrics with different configuration and way of Ag-NP incorporation into the polymer were studied during washing. This work represents a first attempt to evaluate the amount and the form of Ag released from these textiles. Systematic and repeated washes for each fabric type are needed in order to prove the trend found in this analysis. In general the percentage of the total silver content emitted from the textiles tested varied consistently among products (from less than 1% to 45%). This difference is already clear after only one or two cycles. This first insight showed that silver in the particulate fraction >0.45 µm is probably the predominant form released from the textile tested during the washing. The composition and characterization of this coarse-Ag-fraction (that could include Ag precipitates, large Ag-NPs aggregates, Ag in fiber particles) are the next steps for future researches. In addition its behavior once in the environmental water will have to be carefully study. At the moment the big uncertainties are whether the Ag in this coarse fraction will be readily dissolved and if it will be easily remove by WWTP or not. However the removal of this fraction from wastewater will not exclude, in a long term prospective, the threat for agricultural lands and terrestrial organisms.
Generally in the washing machine test the nano-silver materials seemed to relatively release dissolved Ag in a small fraction.
From a toxicological point of view, further studies about the relevant species of silver in surface water, especially silver sulfide and free silver ions, are needed [2] . Besides, the bioavailability of silver nanoparticles in natural water, which is related to particles aggregation, deposition, dispersion and dissolution, has to be considered [30] . Moreover the concentration of silver and the determination of its prevalent forms in soils is required for assessing the toxicological effect on the terrestrial organisms [2] . New analytical methods for detecting and quantifying low Ag-NP concentrations in environmental matrices are still lacking.
Finally further investigations are necessary to prove the composition of the precipitate observed after the addition of H 2 O 2 in the AgNO 3 standard solution at pH 10. We also acknowledge Dr. Murray Height from HeiQ Materials AG and Dr. Harald Lutz from CHT R. BEITLICH GMBH for providing textile samples and product-related data. We further thank HeiQ Materials AG for the silver analysis of some textile samples.
Finally we express gratitude to Dr. Renata Behra (from EAWAG aquatic research institute) for supplying Ag-NP suspension from NanoSys. 
